We report the electrochromic properties of a polymeric nanocomposite prepared by potentiodynamic deposition of the transition metal complex two less than for pristine poly [1] . Furthermore, an enhancement of 16.7 % in the optical modulation (∆OD = 0.48) was also observed for the nanocomposite, confirming the benefit of TiO2 incorporation into the EC properties of the original polymer film.
INTRODUCTION
In recent years, the continuous development of new technologies has demanded materials and structures with specially tailored properties. 1 In this context, wt.%) of TiO2_400 NPs in 0.1 mol dm -3 LiClO4/CH3CN. Prior to electrodeposition, the starting solutions were (i) sonicated for 10 minutes or (ii) sonicated for 10 minutes followed by reflux for 3 hours. To accomplish electrodeposition, the potential of the working electrode (ITO/PET 2.25 cm 2 ) was cycled between 0.0 and 1.3 V (at v = 0.020 V s -1 ) or -0.2 and 1.3 V (at v = 0.100 V s -1 ) for 10 scans. According to the method used, the resultant films were designated TiO2@poly [1] _s and TiO2@poly [1] _r (s = sonicated and r = refluxed), respectively. The pristine poly [1] film was prepared using the same experimental conditions, but in the absence of TiO2 NPs.
After film deposition, the modified electrodes were rinsed with dry CH3CN, immersed in a monomer-and TiO2-free 0.1 mol dm -3 LiClO4/CH3CN solution and were firstly conditioned by recording the cyclic voltamograms until a constant voltammentric response is obtain (typically 5 cycles), in the potential range -0.1 to 1.3 V, v = 0.020 V s values used for Γ determination were calculated from comparison of coulometric data for films deposition and cycling, as described in the literature, 35, 36 and were found to be n = 0.65 and 0.48 for films prepared at v = 0.020 and 0.100 V s -1 , respectively.
The pristine and nanocomposite films prepared with a TiO2 loading of 5 wt.% at v = 0.020 V s -1 , were also voltammetrically characterized in 0.1 mol dm -3 LiClO4/PC, at v = 0.010 V s -1 for 3 redox cycles, in the same potential range. Note that all the mentioned TiO2 loadings -"wt.% TiO2" -refer to the deposition feedstock, i.e. the loading in the deposition solution; it is used for nomenclature purposes only, not as a claim that this is the film content, as it was not possible to have accurate information on the fraction present in the resulting film.
Composition and textural characterization
The composition and textural characterizations of TiO2@poly [1] _r nanocomposites were performed by XPS, SEM/EDS and XRD (TiO2@poly [1] _s was not characterised since presented lower TiO2 loading). The films were prepared with 5 wt.% of TiO2_400
NPs at v = 0.020 V s -1 , and analysed after emersion in the reduced state (application of E = 0.0 V for 200 s). Specifically for the films analysed by XRD, a Pt plate (area = 2.0 cm 2 )
was used as the working electrode.
Films subjected to potential cycling in 0.1 mol dm -3 LiClO4/CH3CN and 0.1 mol dm -3 LiClO4/PC (voltage regime as above), were also analysed by XPS in order to investigate the influence of successive redox switching in the chemical composition.
Pristine poly [1] films were prepared in identical conditions and studied for comparison.
The nanocomposite film was analysed by SEM/EDS in two different perspectives:
(i) in cross-section ("vertical" section) and (ii) in plane view ("horizontal section") of the internal structure of the polymeric film. For (i) the film was subjected to a cut perpendicular to the surface, while in (ii) a part of the film surface was removed (using a carbon conductive tape), exposing the inside of the polymeric film.
Spectroelectrochemical characterization
In situ UV-Vis spectroscopy was performed with films prepared with 3 electrodeposition cycles, at v = 0.020 V s -1 , from a deposition solution containing 5 wt.% of TiO2 NPs (except for pristine film). The films were cycled between -0. 
where Q is the charge (C), n is the doping level, F is the Faraday constant and A the area (cm 2 ).
Electrochromic property evaluation
EC properties were evaluated for TiO2@poly [1] _r films, prepared with 5 wt.% of TiO2 NPs, at v = 0.020 V s -1 , by 10 or 3 (chronoabsorptometric study) electrodeposition cycles. The studies were performed in LiClO4/PC 0.1 mol dm -3 supporting electrolyte, considering the colour change yellow ↔ green (that proved to be the most promising for the pristine poly [1] ). 28 The electrochemical stability tests were performed by chronoamperometry, applying two potential steps of 50 s by redox cycle, with potential alternating between 0.0 and 0.7 V, for a long period of time (9500 redox cycles, ≈ 11 days). The switching times were determined from the chronocoulograms (obtained through the chronoamperograms), based on 90% of the full charge change, as the correspondence between switching times determined from charge and optical change was already reported for pristine poly [1] . 28 The remaining EC parameters were determined through the chronoabsorptograms obtained during the monitoring of the chronoamperometric experiment by UV-Vis spectroscopy; the measurements were performed at the fixed wavelength of λ = 750 nm, acquiring the UV-Vis spectra with intervals of 1 s. The change of the optical density, ∆OD, was estimated using the Equation
3:
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where Tred and Tox are the transmittance values of the films in reduced and oxidised states, respectively, at λ = 750 nm. The colouration efficiency (η / cm 2 C -1 ) was measured by the relation between ∆OD and the amount of injected/ejected charge per unit area, Qd, necessary to induce the full switch, given by the Equation 4:
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The CIELAB values were determined after exposing the polymeric films to the application of a constant potential value (E = 0.0, 0.7 or 1.3 V) during 50 s, in LiClO4/PC.
The CIELAB coordinates are based on colour matching (CIE system) by a linear combination of three "virtual" primary colours X, Y and Z. Because the values of this colours are not visually uniform, a non-linear transform follows, resulting in opponenttype coordinates L*, a* and b*. The parameter L* represents lightness (in a scale ranging from 0 (black) to 100 (white)), a* red-greennessand b* yellow-blueness. 26 The total colour difference (∆E*) between two different oxidation states of a film was calculated from L*, a* and b* values, using the Equation 5:
where ∆x* = x*more oxidized state -x*less oxidized state (x* = L*, a* or b*).
RESULTS AND DISCUSSION

Electrochemical preparation and characterization of TiO2@poly[1]
The TiO2@poly [1] films were potentiodynamically polymerized from deposition solutions containing the monomer [Ni(3-Mesalen)] and TiO2_400 NPs (NPs with average particle size of 9.7 nm (± 1.1 nm), see SI) at different loadings (5, 15 and 25 wt.%), using two scan rates (v = 0.020 or 0.100 V s -1 ) (Figure 1 (a) ). With the different electropolymerization conditions we endeavour to optimize not only the quantity of entrapped TiO2, but also its homogeneity within the polymer supramolecular structure. Table S1 . The results indicate that poly [1] oxidative electropolymerization mechanism was not changed by the presence of TiO2. Thus, the two peaks observed at Epa = 0.87-1.03 V The voltammetric responses of nanocomposites (from 5 and 15 wt.% TiO2-loading media) showed higher current intensities than those of poly [1] . This is attributed to a larger electroactive surface area due to the incorporation of the TiO2 NPs on the poly [1] structure; however, when the TiO2 loading media increase to 25 wt.%, the electrochemical responses exhibit lower current intensities, suggesting that there is an optimum TiO2 loading to maximize electropolymerization efficiency.
The voltammetric responses of TiO2@poly These results suggest an optimal TiO2 loading, from which higher loadings may be unfavourable and prevent the deposition of Ni-salen polymer; this behaviour has been also observed for WO3 films loaded with carbon nanotubes. 41 For films prepared at v = 0.100 V s -1 , the increase of Γ-values from pristine film to nanocomposites and between the nanocomposites (prepared with different TiO2 loadings) was lower than the observed for films prepared at v = 0.020 V s -1 , which can indicate a lower incorporation of TiO2
NPs at this scan rate. This observation is supported by the fact that the metal oxide incorporation into the films is limited by their mass transport and, so, favoured by slower polymerization procedures. In Figure 4 , the CVs obtained during the cycling (3 rd scan) of the poly [1] and
TiO2@poly [1] films in LiClO4/PC are shown, as this supporting electrolyte promotes the highest electrochemical stability for poly [1] film; 28 in Table S3 Observed and calculated surface atomic percentages and atom ratios are summarised in Table 1 , along with data for poly [1] for comparison. Table 1 The atomic ratios of the nanocomposite before redox switching are similar to those of pristine poly [1] After redox switching in LiClO4/CH3CN, the nanocomposite film shows a significant increase in Cl/Ni and O/Ni ratios, as a consequence of redox-driven accumulation of ClO4 -and solvent in the film. The increase in Cl/Ni and O/Ni atomic ratios was larger for TiO2@poly [1] _r than for poly [1] . Redox switching in LiClO4/PC also led to increases of similar magnitude in Cl/Ni and O/Ni atomic ratios for the nanocomposite and pristine films.
The high-resolution XPS spectra obtained for both films before and after redox switching in LiClO4/CH3CN and LiClO4/PC are shown in Figures from S10 to S14, in SI.
The XPS spectra in the C1s region ( Figure S10 ) were deconvoluted into four peaks:
a main peak at 284.6 eV attributed to aromatic and aliphatic carbons of the salen ligand, a peak at 285.9-286.0 eV assigned to carbon bound to oxygen and nitrogen in the salen moiety, a peak at 286.9-287.0 eV ascribed to C≡N or to C=O from CH3CN or PC, respectively, and a peak at 289.3-290.0 eV assigned to a shake-up satellite due to π-π* transitions in the ligand.
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The film N1s spectra before and after redox switching in LiClO4/CH3CN (Figure S11 shake-up phenomenon. 35 In the nanocomposite spectra, the first peak also has a contribution from N-Ti and N-O-Ti bonds from TiO2 NPs. In the spectra of films after redox cycling in LiClO4/PC (Figure S11 (c) and (c')), the peak at 401.0-401.5 eV was not identified, once the solvent was changed for PC, and all others remain similar.
The O1s spectra of nanocomposite films before redox switching ( Figure S12 (a'))
were deconvoluted into three peaks (531.2, 532.5 and 533.4 eV). The former is assigned to the oxygen of the salen coordination sphere 35 and to O-Ti bonds, while the last two are ascribed to trapped ClO4 -with different local environments and to -OH groups from TiO2
NPs. In the spectrum of the nanocomposite after redox switching in LiClO4/CH3CN
( Figure S12 (b')), we observe a peak at 531.7 eV (O of salen coordination sphere and O-Ti), along with a large peak at 533.3 eV ascribed to -OH groups from TiO2 and to larger amounts of ClO4 -, trapped in the polymeric film as the charge compensating anion. For the nanocomposite after redox cycling in LiClO4/PC ( Figure S12 (c') ), beyond the two peaks at 531.2 and 532.5 eV (similarly to the redox in LiClO4/CH3CN), we observe an additional peak at 533.5 eV, assigned to O-C bonds in entrapped PC.
In the Cl2p spectra ( Figure S13 to low quantity of TiO2 compared to that of the polymer film, but they should have some contribution for remaining XRD peaks.
In situ UV-Vis spectroscopy
The absolute UV-Vis spectra acquired during the oxidation of TiO2@poly [1] nanocomposites (with 5 wt.% of TiO2 NPs) are depicted in Figure 6 (b) and (c); the equivalent spectra for pristine poly [1] film are presented in Figure 6 (a), for comparison.
The spectra obtained during film reduction show the inverse behaviour and were omitted for simplicity. The energies of the electronic bands observed for all films are summarised in Table   2 , together with the molar extinction coefficients, ε, estimated from the slopes of Abs vs.
Q plots ( Figure S18 ) using Equation 2. Table 2 The ε-values obtained for nanocomposites are typical of electronic transitions between states with large contribution from ligand, which is consistent with the ligandbased film oxidation, as proposed for poly [1] 28 and other similar poly[Ni(salen)] films. 35, 36 Using the polaronic model 35, 36 and considering that electronic bands with similar Abs vs. E profiles are associated with the same charge carriers, the following band assignment can be proposed, assuming that the intergap states are not symmetrically positioned: (i) the band at λ = 327 nm is attributed to the intervalence transition (band gap, Eg = 3.80 eV), (ii) the band at λ = 396-397 nm (3.14-3.13 eV) is assigned to transitions from the valence band to the antibonding polaron level and (iii) the band at λ = 839-840 nm (1.48 eV) corresponds to transitions from the valence band to the bonding polaron level (or between polaron levels). The band at λ = 505-509 nm (2.44-2.46 eV), with its different Abs vs. E profiles, is attributed to charge transfer (CT) transitions between the metal and the oxidized ligand. 35, 36 Furthermore, the bands observed in spectra of nanocomposites and pristine films have similar energies, which indicate that the electronic structure of poly [1] was not substantially changed by the incorporation of TiO2
NPs.
The ε−values for the nanocomposite electronic bands are also similar to those of the pristine film, except for the band assigned to CT transitions at λ = 505-506 nm (2.44-2.46 eV). For this band, the ε−value decreases significantly from the pristine to the nanocomposite films. The ε−value decrease slightly (by 3.6 %, from ε = 12. We may speculate that TiO2 incorporation into poly [1] matrix changes the packing of polymer strands, creating a more porous structure that may facilitate ion/solvent mobility required for charge compensation during redox process, anticipating high electrochemical stability (see below); simultaneously its semiconductor properties may also facilitate electronic conduction between the polymer strands. Consequently, the overall conducting properties will be better in the nanocomposite decreasing the tendency to ligand overoxidation. At a finer level of detail, the different results amongst variously prepared TiO2@poly [1] nanocomposites indicate sensitivity to synthetic protocols.
Electrochromic properties
The outcomes of the more fundamentally oriented spectroelectrochemical studies now prompt the study of the EC properties of TiO2@poly Table 3 , as well as for pristine poly [1] film (Γ = 95.3 nmol cm -2 ) for reference. Table 3 The ∆T values, measured considering the full optical change between yellow and green, slightly decrease from the pristine poly [1] high potential values: after the removal of the electrical stimulus (E = 1.3 V), the colour of films decays rapidly from russet to green; however, as the colorimetric study is ex situ, some uncertainty is associated with the CIELAB coordinates determined at E = 1.3 V. Table 4 Figure 8
For the colour change yellow-green, the nanocomposite film showed a slightly greater EC response (∆E* = 54.9) than poly [1] , which is in agreement with the obtained ∆OD values. For the colour change green-russet, the ∆E* obtained was lower for the nanocomposite.
CONCLUSIONS
The results showed that poly [1] was successfully electropolymerized in the presence of TiO2 NPs spherically shaped with 9.7 ± 1.1 nm and containing both anatase Tables   Table 1: XPS results: surface atom percentages and calculated atom ratios of selected elements for poly [1] pristine film and TiO2@poly [1] 
